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ABSTRACT 
Geothermal h o t  d r y  .rock d r i l l i n g  a c t i v i t i e s  a t  Fenton H i l l  i n  t h e  
Jemez Mountains of no r the rn  New Mexico encountered problems i n  design-  
ing d r i l l i n g  f l u i d s  t h a t  w i l l  reduce catastrophic lost  c i r c u l a t i o n .  
Four w e l l s  (GT-2, EE-1, EE-2, and EE-3) pene t r a t ed  733 m (2405 f t )  of  
Cenozoic and Pa leozo ic  sediments and Precambrian c r y s t a l l i n e  rock 
u n i t s  t o  +4572 m (+15,000 f t ) .  The Cenozoic rocks c o n s i s t  of volcan- 
ics ( r h y o l i t e ,  t u f f ,  and pumice) and v o l c a n i c l a s t i c  s e d i m e n t s .  
Paleozoic  s t ra ta  inc lude  Permian red beds (Ab0 Formation) and t h e  
Pennsylvanian Madera and Sandia Formations, which c o n s i s t  of massive 
l imes tones  and shales. Beneath t h e  Sandia Formation are igneous and 
metamorphic rocks of Precambrian age. 
The d r i l l i n g  f l u i d  used for t h e  upper sedimentary formations w a s  a 
polymeric f l o c c u l a t e d  b e n t o n i t e  d r i l l i n g  f l u i d .  Severe loss of cir- 
c u l a t i o n  occurred i n  t h e  cavernous p o r t i o n s  of t h e  Sandia l imestones.  
The r e s u l t a n t  loss of  h y d r o s t a t i c  head caused s loughing of  t h e  Ab0 and 
of some beds wi th in  t h e  Hadera Formation. S tuck  p ipe ,  r e p e t i t i v e  
reaming, poor c a s i n g  cement jobs and c o s t l y  damage to  the in t e rmed ia t e  
c a s i n g  r e s u l t e d .  
The Precambrian c r y s t a l l i n e  p o r t i o n  of t h e  EE-2 and EE-3 wells were 
d i r e c t i o n a l l y  d r i l l e d  a t  a high angle ,  and d r i l l e d  with water as t h e  
primary c i r c u l a t i n g  f l u i d .  Due to  high temperatures  [approximately 
32OOC (608OF) BHT] and extreme ab ras iveness  of t h e  -deeper part  of t h e  
Precambrian C r y s t a l l i n e  rocks, s p e c i a l  problems of co r ros ion  inh ib i -  
t i o n  and of torque f r i c t i o n  were incurred.  
S e v e r a l  techniques were attempted to  s o l v e  these problems b u t  have m e t  
with varying degrees  of success. Use of 1,arge q u a n t i t i e s  of f i b r o u s  
materials (25% to  35% by volume) and of va r ious  cements (up to  5000 
sacks per w e l l )  c o n s i s t e n t l y  f a i l e d  to  seal  t h e  cavernous zones of t h e  
Sandia Formation. D r y  d r i l l i n g  as a l a s t  resort ( d r i l l i n g  w i t h o u t  
r e t u r n s )  h a s  been performed on a l l  fou r  holes through these cavernous 
zones. F a i l u r e  to seal these zones r e s u l t e d  i n  inadequate hole sta- 
b i l i z a t i o n  and cas ing  damage during placement. Corrosion i n h i b i t i o n  
wh i l e  d r i l l i n g  w i t h  clear water was complicated by high temperatures  
whicn n e c e s s i t a t e d  t h e  c i r c u l a t i o n  of large volumes (15,000 bbls )  o f  
water to provide adequate cool ing.  Massive q u a n t i t i e s  of an oxygen 
scavenger ( N H , H S 0 3 )  and t h e  maintenance of a high pH (9.5-11) suc-  
c e s s f u l l y  c o n t r o l l e d  co r ros ion .  High d r i l l  s t r i n g  t o r q u e  (up  to  
s t r i n g  make-up va lues )  and drag (70% over  d r i l l  s t r i n g  .weight) caused 
s e v e r e  l o a d s  on t h e  d r i l l  s t r i n g ,  s u r f a c e  equipment, and c a s i n g ,  and 
also reduced p e n e t r a t i o n  ..rates. Seve ra l  methods of l u b r i c a t i o n  were 
tested. The best was a biodegradable l u b r i c a n t  mixture of modified 
t r i g l y c e r i d e s  and alcohols. Elevated temperatures  >19l0C (>37S°F) 
caused r a p i d  d e c l i n e  i n  l u b r i c a n t  e f f i c i e n c y .  Therefore  t h e  l u b r i c a n t  
i n  t h e  d r i l l i n g  f l u i d  has to  be c o n s t a n t l y  r ep len i shed .  
An a l t e r n a t e  method for d r i l l i n g  the upper sedimentary formations i s  
t o  use  cable tools. Although th i s  does not a l l e v i a t e  the d u a l  prob- 
l e m s  of hole sloughing and lost  c i r c u l a t i o n ,  it allows c a s i n g  t o  be 
set as the hole is  bored. Although slower, the cable tool approach 
may be less c o s t l y .  
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BRIEF H I S T O R Y  OF THE HDR PROGRAfi .. 
During t h e  p a s t  t e n  y e a r s  s e v e r a l  f a c t o r s  have  combined t o  maKe 
a c c e p t e d  s o l u t i o n s  t o  t h e  ene rgy  problem o f  t h e  United S t a t e s  more,  
r a t h e r  t h a n  l e s s  c o n t r o v e r s i a l  . Among t h e s e  f a c t o r s  are:  
- 
0 Cont inuing  d i f f i c u l t i e s  i n  s i t i n g  and c o n s t r u c t i n g  n u c l e a r  
* A growing conce rn  a b o u t  t h e  env i ronmen ta l  and s o c i a l  con- 
0 I n c r e a s i n g  c o s t s  and u n c e r t a i n t i e s  a b o u t  t h e  a v a i l a b i l i t y  o f  
* Cont inuous  and r a p i d  d e p l e t i o n  i n  domes t i c  r e s e r v e s  o f  
power p l a n t s  . 
sequences  o f  mining ,  t r a n s p o r t i n g ,  and bu rn ing  c o a l  . 
f o r e i g n  pe t ro leum.  
n a t u r a l  g a s .  
One r e s u l t  is a g r e a t e r  c o n c e n t r a t i o n  on d e v e l o p n e n t  o f  t h e  n e a r l y  
i n e x h a u s t i b l e  a l t e r n a t i v e  e n e r g y  s o u r c e s .  One o f  t hese  is h o t  d r y  
rocK (HDR)  geothermal  energy .  
"Hot d r y  rocK" ene rgy  is d e f i n e d  a s  t h e  ene rgy  l a t e n t  i n  
n a t u r a l l y  o c c u r r i n g  d r y ,  b u t  h o t ,  unmelted rocK i n  t h e  e a r t h ' s  c r u s t .  
I t  d o e s  n o t  produce commerc ia l ly  economic n a t u r a l  s team o r  h o t  water 
because  i t  is d r y .  Water must  be s u p p l i e d  i f  commercial  s t eam is 
produced. A t  v a r y i n g  d e p t h s ,  h o t  d r y  rocK is everywhere b e n e a t h  the 
e a r t h ' s  s u r f a c e .  Even where t e m p e r a t u r e s  o f  commerc ia l ly  r e a c h a b l e  
d e p t h s  are  n o t  h i g h  enough f o r  g e n e r a t i n g  e l e c t r i c i t y ,  t h e  lower  
t e m p e r a t u r e  HDR p o t e n t i a l l y  migh t  be  v a l u a b l e  f o r  s p a c e  h e a t i n g ,  
a g r i c u l t u r e ,  and food o r  chemica l  p r o c e s s i n g .  C u r r e n t  e s t i m a t e s  
i n d i c a t e  t h a t  benea th  t h e  l a n d  surface o f  t h e  United S t a t e s  a t  d e p t h s  
l e s s  t h a n  1 0  K m  (6 .2  mi l e s ) ,  t h e  h o t  d r y  rocK r e s o u r c e  b a s e  c o n t a i n s  
approx ima te ly  32 m i l l i o n  quads  o f  ene rgy ,*  w i t h  g r e a t e r  t h a n  40% 
( a p p r o x i m a t e l y  13 m i l l i o n  quads)  a t  t e m p e r a t u r e s  above 302'F (150°C).  
I t  h a s  been c a l c u l a t e d  t h a t  i f  2% o f  t h i s  v a s t  r e s o u r c e  b a s e  c o u l d  be 
e x p l o i t e d  e c o n s m i c a l l y ,  i t  would s u p p l y  t h e  e n t i r e  c o u n t r y ' s  non- 
t r a n s p o r t a t i o n  ene rgy  needs  a t  t h e  p r e s e n t  r a t e  o f  consumption (1989) 
f o r  more t h a n  2,000 y e a r s .  
Recognizing t h e  magni tude  o f  t h e  HDR r e s o u r c e ,  and t h a t  i ts 
successful  e x p l o i t a t i o n  might  i n v o l v e  o n l y  i n o v a t i v e  m o d i f i c a t i o n s  o f  
e x i s t i n g  equipment and e n g i n e e r i n g  methods,  t h e  Los Alamos N a t i o n a l  
Labora to ry  ( f o r m e r l y  t h e  U s  Alamos Sc i . en t i f  i c  Labora to ry )  i n i t i a t e d  
i n  1970 a f e a s i b i l i t y  s t u d y  o f  a n  underground h e a t - e x t r a c t i o n  sys tem 
i n  low-pe rmeab i l i t y  h o t  rocK. The c o n c e p t  was t o  u s e  u s i n g  conven- 
t i o n a l  h y d r a u l i c  f r a c t u r i n g  t e c h n i q u e s  t o  produce a f l o w  c o n n e c t i o n  
between two h o l e s  d r i l l e d  i n t o  HDR, and t h e n  t o  c i r c u l a t e  s u r f a c e  
wa te r  t h r o u g h  t h e  f r a c t u r e s .  S tudy  o f  t h i s  c o n c e p t  was c o n t i n u e d  
th rough  FY71, and i n  FY72 under  t h e  U.S. Atomic Energy Commission 
1 5  * 1 quad o f  ene rgy  = 1 q u a d r i l l i o n  ( 1 0  ) B t u  = 334 Mw-centuries = 
1 -  
10" J. 
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(AEC) s p o n s o r s h i p ,  a s e a r c h  was begun f o r  a nea rby  l o c a t i o n  s u i t a b l e  
f o r  i n i t i a l  expe r imen t s  t o  prove  t h e  c o n c e p t .  
An a p p r o p r i a t e  s i t e  was found on t h e  Jemez P l a t e a u  a p p r o x i m a t e l y  
30 Km (18.6 miles) west o f  Los Alamos i n  Bar l ey  Canyon n e a r  Fenton 
H i l l  ( F i g .  1). A s l i m  e x p l o r a t o r y  h o l e  (GT-1) p e n e t r a t e d  approx i -  
m a t e l y  143  m (469 f t )  o f  Precambrian igneous  and metamorphic complex 
rocK, and t h e  bo t tomhole  t e m p e r a t u r e  ach ieved  was 100.4°C (212°F) . 
In  FY73 c o n c e p t  s t u d i e s  i n d i c a t e d  t h a t  h y d r a u l i c  f r a c t u r e s  c o u l d  be  
c r e a t e d  i n  t h e  Precambrian basement complex rocK a t  modera te  pumping 
p r e s s u r e s ,  and t h a t  t h e  p e r m e a b i l i t y  o f  t h e  rocK was s u f f i c i e n t l y  low 
t o  c o n t a i n  a p r e s s u r i z e d - w a t e r  h e a t - e x t r a c t i o n  loop .  Accord ing ly ,  
d u r i n g  FY74 and FY75 a second ,  d e e p e r  e x p l o r a t o r y  h o l e  (GT-2B) was 
d r i l l e d  a t  Fenton H i l l  a p p r o x i m a t e l y  2.5 K m  (1 .6  mi les )  s o u t h  o f  
GT-1. T h i s  l o c a t i o n  was c o n s i d e r e d  more s u i t a b l e  f o r  developmenc o f  
a l a r g e  e x p e r i m e n t a l  HDR system..  The new h o l e  r eached  a t o t a l  d e p t h  
o f  2932 m (9619 f t )  and a bot tom-hole  t e m p e r a t u r e  o f  197°C (386°F) .  
A l o n g  se r ies  o f  h y d r a u l i c - f r a c t u r i n g  and p r e s s u r i z a t i o n  t e s t s  con- 
f i rmed  t h e  f e a s i b i l i t y  o f  f r a c t u r i n g  t h e  basement complex rocK a t  
modera te  pumping p r e s s u r e s  and t h e  a b i l i t y  o f  t h e  f r a c t u r e  sys tem t o  
hold  p r e s s u r i z e d  wa te r  w i thou t  e x c e s s i v e  l o s s .  
In  FY75 and FY76, under  s p o n s o r s h i p  o f  t h e  Energy Resea rch  and 
Development A d m i n i s t r a t i o n  ( E R D A ) ,  a second h o l e  (EE-1) was d i r e c - -  
t i o n a l l y  d r i l l e d  t o  i n t e r s e c t  t h e  l a r g e s t  o f  t h e  h y d r a u l i c  f r a c t u r e s  
i n i t i a t e d  from t h e  f i r s t  h o l e .  The second w e l l b o r e  reached  a t o t a l -  
d e p t h  o f  3064 m (10 ,853  f t )  and ach ieved  a BHT o f  205OC (400OF). I t  
d i d  n o t  i n t e r s e c t  t h e  f r a c t u r e s ,  b u t  by f r a c t u r i n g  a g a i n  from EE-1 ,  a 
high-impedance f low c o n n e c t i o n  was e s t a b l i s h e d  between t h e  two w e l l -  
b o r e s .  
Design and development  o f  a .  new and l a r g e r  h e a t - e x t r a c t i o n  
sys tem,  t h e  Phase I1 sys tem,  a t  Fenton H i l l  was s t a r t e d  i n  FY79. Its 
p r imary  o b j e c t i v e s  were: (1) seeK a minimum bot tom-hole  rocK tem- 
p e r a t u r e  o f  250°C (482"F) ,  (2 )  d e v e l o p  t h e r m a l  power o f  20 Mw o r  
g r e a t e r ,  and ( 3 )  conf i rm a t h e r m a l  drawdown n o t  to exceed 2 0 %  i n  1 0  
y e a r s  of  c o n t i n u o u s  o p e r a t i o n .  The Phase I1 sys tem is compr ised  o f  
two new d e e p  h o l e s  (EE-2 and EE-3) d i r m t i o n a l l y  d r i l l e d  so t h a t  t h e y  
c o u l d  be  connec ted  t o g e t h e r  by  m u l t i p l e  p l a n a r  f r a c t y r e s  p r o v i d i n g  a 
t o t a l  h e a t - t r a n s f e r  surface o f  a t  l e a s t  5,000,000 m . D r i l l i n g  o f  
EE-2 began i n  A p r i l ,  1979 and was completed i n  l a t e  May, 1980. T o t a l  
d e p t h  of  EE-2 was 4642 m (15,230 f t )  w i t h  a s t a t i c  bot tom-hole  tem- 
p e r a t u r e  of  a p p r o x i m a t e l y  320'C (608°F) . D r i l l i n g  o f  EE-3 commenced 
i n  l a t e  May 1980 and is c u r r e n t l y  i n  p rogres s .*  
Formal e s t a b l i s h m e n t  by t h e  U.S. Department o f  Energy (DOE)  o f  a 
n a t i o n w i d e  Hot Dry ROCK Geothermal Energy Development Program ( H D R  
P rogram)  o c c u r r e d  i n  FY79, and  h a s  r e s u l t e d  i n  a s i g n f i c a n t  
broadening  o f  HDR a c t i v i t i e s  i n  t h e  Uni ted  S t a t e s .  The Los Alamos 
N a t i o n a l  L a b o r a t o r y ' s  Fenton H i l l  P r o j e c t  is t h e  p r imary  cen te r  f o r  
d e v e l o p i n g  methods,  equ ipnen t ,  and i n s t r u m e n t a t i o n  f o r  c r e a t i n g  and 
* A t  t h e  time o f  p r i n t i n g ,  t h e  EE-3 w e l l  was a t  10,528 f t .  Its 
-Tanned t o t a l  d e p t h  is 14,500 f t .  
kd 0 
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u t i l i z i n g  HDR geo the rma l  r e s e r v o i r s .  The  s t a t e d  o b j e c t i v e  o f  t h i s  
broad HDR Program is: 
"...to d e t e r m i n e  t h e  p o t e n t i a l  o f  h o t  
d r y  rocK geo the rma l  e n e r g y  a s  a s i g -  
n i f  i c a n t  a 1  t e r n a t e  e n e r g y  s o u r c e  and 
t o  p r o v i d e  f o r  i ts  t i m e l y  develop-  
ment ,  i f  warran ted ."  
Lj 
STRATIGRAPHY 
The Fenton H i l l  p r o j e c t  a r e a  l i e s  j u s t  t o  t h e  west of  t h e  Val les  
C a l d e r a .  The  c e n t e r  o f  t h i s  1 9  K m  ( 1 2  mile) wide c a l d e r a  is a d i s -  
t a n c e  o f  abou t  e i g h t  miles ea s t  o f  Fenton H i l l  w i t h  t h e  r i n g - f r a c t u r e  
zone a p p r o x i m a t e l y  th ree  miles e a s t  o f  t h e  p r o j e c t  a r e a .  The p r o j e c t  
a r e a  is covered  by  a thiCK ash-f low t u f f ,  and o t h e r  minor ,  v o l c a n i c  
u n i t s  b e f o r e  r each ing  t h e  s e d i m e n t a r y  and metamorphic sequence of 
rocKs t h a t  o v e r l i e s  t h e  Precambrian igneous  and metamorphic complex. 
Vo lcan ic  and Sedimentary  U n i t s  [ S u r f a c e  t o  733 m (2405 f t ) ]  
The s h a l l o w  733 m (2405 f t )  v o l c a n i c  and sed imen ta ry  u n i t s  
encoun te red  i n  t h e  f o u r  Fenton H i l l  HDR h o l e s  are as' follows (Figure  
2) 
B a n d e l i e r  Tuff ( Q u a t e r n a r y )  
Depth m ( F t )  D e s c r i p t i o n  
0-12 (0-40)  S o f t ,  l i g h t  gray-brown v o l c a n i c  ash.  welded 
t u f f  w i t h  i n c l u s i o n s  of  a n g u l a r  q u a r t z  and a 
t r a c e  o f  s a n i d i n e .  
Pa -
12-15 (40-50) D i r t y  r e d d i s h  c l a y  w i t h  embedded q u a r t z  
za Canyon ( T e r t i a r y )  
f r a g m e n t s  and t u f f .  
15-17 (50-55) Loose sand  composed o f  c o a r s e  a n g u l a r  t o  
sub-rounded q u a r t z  g r a i n s  and c r y s t a l s ,  p l u s  
a s m a l l  amount o f  t u f f  and b a s a l t i c  g r a v e l .  
17-21 (55-70) Coarse b a s a l t i c  g r a v e l  . weathered.  P o s s i b l y  
l a r g e  boulders'.  Also  some l o o s e  q u a r t z  f r a g -  
ments  and l a t i t e  pebb les .  
21-26 (70-85) Same a s  above,  w i t h  approx ima te ly  60% l o o s e ,  
rOUnded8 medium-grained sand .  
26-43 (85-142) Medium-grained8 rounded q u a r t z  sand .  D i r t y ,  
and s l i g h t l y  r e d d i s h  w i t h  c l a y .  
43-47 (142-155) F r i a b l e  t u f f a c e o u s -  s a n d s t o n e  t o  l o o s e  sand .  
I n c r e a s i n g  amounts o f  l i g h t  brown, t r a n s -  
l u c e n t  t i g h t l y  cemented sands tone .  
gd a 
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I Depth m ( F t )  D e s c r i p t i o n  . 
' -  1, 47-58 (155-190) L i g h t  brown, f i ne - to  medium-grained, rounded i t o  sub-angular  s a n d s t o n e .  T h i s  g r a d e s  from 
e x t r e m e l y  s i l i c e o u s  t o  h a r d  b u t  f r i a b l e .  
i 
- 
58-107 (190-350) C o a r s e  w e a t h e r e d  g r a v e l .  Pebb les  a n d  
b o u l d e r s  o f  a n d e s i t i c  b a s a l t ,  l a t i t e ,  etc.  
Con ta ins  i n c l u s i o n s  o f  ho rnb lende ,  b i o t i t e ,  
and o t h e r  darK m i n e r a l s .  A s m a l l  p e r c e n t a g e  
o f  q u a r t z  and cha lcedony .  Becomes r e d d i s h  
below 70 m (230 f t )  . 
107-119 (350-390) Coarse l i g h t  g r a y  v o l c a n i c  g r a v e l  . l a t i t e  o r  
d a c i t e ,  I n c l u s i o n s  o f  b i o t i t e ,  ho rnb lende ,  
q u a r t z ,  etc. P o s s i b l y  a f low b r e c c i a .  T h i s  
c o n t a i n s  t h e  v o l c a n i c  a q u i f e r .  
Abiquiu  Tuff  ( T e r t i a r y )  
119-140 (390-460) w h i t e  t o  l i g h t  brown, t u f f a c e o u s ,  s l i g h t l y  
c l a y e y  sand .  Medium-grained, l o o s e l y  con-  
, s o l i d a t e d ,  rounded t o  subrounded.  lvlostly 
I q u a r t z .  
j Abo (Permian)  -.  
140-381 (460-1250) The v o l c a n i c s  a r e  r e s t i n g  unconformably upon 
t h e  e roded  s u r f a c e  o f  t h e  Abo red beds .  
These  c o n t i n e n t a l  d e p o s i t s  c o n s i s t  l a r g e l y  o f  
darK red  s h a l e s ,  w i t h  s m a l l e r  amounts o f  darK 
g r a y  and blacK p l a t y  s h a l e s .  T h e  s a n d s t o n e s  
a r e  f a i r l y  c o a r s e - g r a i n e d ,  a n g u l a r  t o  
rounded, red,  g r a y ,  and w h i t e .  The i n t e r -  
bedded l i m e s t o n e s  a r e  sandy  and s i l t y  t o  
c l e a n  and f i n e l y  c r y s t a l l i n e ,  and range from 
g r a y  and brown t o  w h i t e .  Two prominent  s and  
b o d i a s  o c c u r  from 305-320 m (1i300-1050 f t )  
and from 341-354 m (1120-1160 f t ) .  The upper  
o f  t h e s e ,  p r o b a b l y  a n  a q u i f e r ,  is a l o o s e  t o  
s l i g h t l y  c o n s o l i d a t e d ,  c o a r s e ,  r o u n d e d  t o  
subrounded,  c l e a n  q u a r t z  sand .  I t  is pos- 
s i b l y  a beach s a n d  o r  r i v e r  g r a v e l ,  and was 
so permeable  i n  EE-2 t h a t  60  b a r r e l s  o f - m u d  
were l o s t .  
I 
The lower  sand  is a l m o s t  i d e n t i c a l  w i t h  t h e  
upper s a n d ,  b u t  s l i g h t l y  t i g h t e r  and cemented 
w i t h  c a l c a r e o u s  m a t e r i a l :  No f l u i d  h a s  been 
l o s t  i n  t h e  low?r sand .  
I 
I 
I 
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Madera Limestone t Sandia  Formation (Penns lyvan ian  b M i s s i s s i p p i a n )  
Depth m ( f t )  D e s c r i p t i o n  
381-411 (1250-1350) Dense, l i g h t - c o l o r e d  l i m e s t o n e ,  f i n e l y  c r y s -  
t a l l i n e  t o  chalrcy. Thin beds  o f  c l a s t i c  
m a t e r i a l ,  r ang ing  from gummy g r a y  s h a l e  t o  
f i n e  g r a y  silts and sands .  Upper p o r t i o n  
t e n d s  t o  b e  f o s s i l i f e r o u s ,  w i t h  a b u n d a n t  
bryozoans and f u s a l i n i d s .  
411-472 (1350-1550) S i l t y  t o  s h a l y ,  g r a y  t o  l i g h t  brown l i m e -  
s t o n e .  Thin beds  o f  f i n e - g r a i n e d ,  l i g h t  
g r a y ,  c a l c a r e o u s  s a n d s t o n e  442-454 in 
(1450-1490 f t )  . 
472-509 (1550-1670) D e n s e ,  f i n e l y  c r y s t a l l i n e  t o  s u b -  
l i t h o l o g r a p h i c  brown l i m e s t o n e .  Bottom 9 m 
(30 f t )  o f  t h i s  i n t e r v a l  is a c las t ic  zone i n  
GT-2 and EE-3, p o s s i b l y  arrcosic .  ' 
509-585 (1670-1920) Dense, l i g h t  c o l o r z d ,  f i n e l y  c r y s t a l l i n e  t o  
chalKy l i m e s t o n e .  L i g h t  g r a y ,  s i l t y  sha l e  
512-530 m (1680-1740 f t )  a n d  564-573 m 
(1850-1880 f t )  . A f e w  t h i n  b e d s  o f  
f i n e - g r a i n e d ,  rounded, f r i a b l e ,  c a l c a r e o u s  
s a n d s t o n e ,  p o s s i b l y  arrcosic  i n  GT-2. Bottom 
9 m (30  f t )  is a v e r y  h a r d , . w h i t e ,  s i l i c e o u s ,  
s l i g h t l y  p y r i t i c  l i m e s t o n e .  
585-733 (1920-2405) The  s a m p l e s  i n  t h i s  i n t e r v a l  a r e  e i t h e r  
ex t r eme ly  poor  and h e a v i l y  contaminated  w i t h  
l o s t  c i r c u l a t i o n  m a t e r i a l ,  o r  e l s e  c o m p l e t e l y  
n o n e x i s t e n t  because  o f  l o s t  r e t u r n s  . Based 
on t h e  r a t e  o f  p e n e t r a t i o n  and t h e  l o s t  c i r -  
c u l a t i o n ,  i t  is assumed t o  be a cave rnous  
l i m e s t o n e .  B i t s  a r e  p u l l e d  from t h e  h o l e  
w i t h  t h e  t ee th  f i l l e d  w i t h  a gummy g r a y  s h a l e  
and c l a y  c o n t a i n i n g  rounded n o d u l e s  o f  d e n s e ,  
v e r y  f i n e l y  c r y s t a l l i n e  brown l i m e s t o n e .  
T h i s  c l a y  and t h e  embedded nodu les  a r e  prob- 
a b l y  l a i d  down s e c o n d a r i l y  on t h e  f l o o r s  o f  
t h e  c a v e s .  
T h i s  s e c t i o n  a l s o  i n c l u d e s  a f e w  c l a s t i c  
zones.  A c o r e  c u t  i n  GT-2 from 685-688 m 
(2248-2258 f t )  r e c o v e r e d  n o t h i n g  b u t  a 
h a n d f u l  o f  l o o s e ,  r o u n d e d  g r a v e l ,  m o s t l y  
s m a l l e r  t h a n  0.64 c m  (1 /4  i n )  . And t h e  9 m 
( 3 0  f t )  i m m e d i a t e l y  o v e r l y i n g  t h e  e r o d e d  
P r e c a m b r i a n  s u r f a c e  a t  7 3 3  m ( 2 4 0 5  f t )  
a p p e a r s  t o  be  a g r a n i t e  wash. 
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Precambrian Igneous  and Metamorphic Complex [from 733 m (2400 f t ) ]  
The Precambrian c r y s t a l l i n e .  rocKs t h a t  u n d e r l i e  t h e  Fenton H i l l  
s i t e  r ange  i n  a g e  from 1 .3  t o  1.7 b i l l i o n  y e a r s .  T h i s  complex geo- 
l o g i c a l  t e r r a i n  is composed o f  s i x  b a s i c  rocK t y p e s  (Table  1) .  
e-s 
(1) S y e n o g r a n i t i c  t o  monzonogran i t i c  g n e i s s e s  and i n t r u s i v e s  
( 2 )  G r a n o d i o r i t i c  g n e i s s e s  
(3) G r a n o d i o r i t i c  i n t r u s i v e s  
( 4 )  T o n a l i t i c  * g n e i s s e s  
( 5 )  Maf ic - r i ch  s c h i s t s  and a m p h i b o l i t e s  
( 6 )  Hydrothermal ly  a l tered metamorphic and igneous  rocKs 
The Phase  I r e s e r v o i r  (GT-25 and EE-1) was deve loped  i n  a r e l a -  
t i v e l y  homogeneous rocK t y p e  ( F i g .  3) . However t h e  Phase I1 reser- 
v o i r  (EE-2 and  EE-3) encompasses b o t h  igneous  and metamorphic rocK 
t y p e s  w i t h  a wide range of  c o m p o s i t i o n s  (Table  2 ) .  L o c a l l y  t h e  
metamorphic  and igneous  l i t h o l o g i e s  may have  been deformed. S e v e r a l  
f a u l t s  may p o s s i b l y  c u t  t h rough  t h e  d e e p e r  r e s e r v o i r  . 
OPTIlvIIZED CASING PROGRAM TO P I I N I M I Z E  HOLE STABILITY PROBLEMS 
A s i g n i f i c a n t  r e d u c t i o n  i n  h o l e  problems a s s o c i a t e d  w i t h  s e v e r e  
l o s s  c i r c u l a t i o n  zones has been accompl ished  b y  t h e  p ruden t  s e l e c t i o n  
o f  c a s i n g  p o i n t s  (F ig .  3 and Table 3) . Severe  problems were 
e n c o u n t e r e d  i n  Gf-25 and EE-1 from s l o u g h i n g  o f  t h e  Ab0 and Madera 
Formations.  The wors t  s l o u g h i n g  o c c u r r e d  when cave rnous  a r e a s  i n  t h e  
S a n d i a  and Madera Limestones were encoun te red .  Loss o f  h y d r o s t a t i c  
head caused  s l o u g h i n g  o f  sha l e s  w i t h i n  t h e  Abo and Madera Format ions .  
Two s p e c i f i c  s e v e r e  l o s s  c i r c u l a t i o n  zones encoun te red  i n  t h e  
s e d i m e n t a r y  s e c t i o n s  were: (1) a t  2579 m (21900 f t )  i n  t h e  Madera 
Formation and ( 2 )  a t  k716 m (22350 f t )  i n  t h e  Sand ia  Formation.  Both 
o c c u r r e d  w i t h i n  l i m e s t o n e  l i t h o l o g i e s .  A f t e r  d r i l l i n g  t h e  f i r s t  two 
we l l s  (GT-25 and E E - l ) ,  it became a p p a r e n t  t h a t  t h e  c a s i n g  program 
shou ld  be adapted to minimize  t h e  amount o.f open h o l e  when e a c h  o f  
t h e  l o s s  zones  was encountered .  T h u s ,  on EE-2 t h e  s u r f a c e  c a s i n g  (20 
in . )  was set  t o  5 4 3  m (1780 f t )  t o  avo id  l e a v i n g  t h e  s lough ing  s h a l e s  
exposed when t h e  l o s s  zones  were p e n e t r a t e d .  However, t h i s  l e f t  
a p p r o x i m a t e l y  182  m (600 f t )  o f  .open h o l e  exposed when t h e  l a r g e  
c a v e r n o u s  zone o f  t h e  Sand ia  Formation was encoun te red .  S e t t i n g  
a n o t h e r  s t r i n g  o f  c a s i n g  t o  t h e  t o p  of t h a t  l o s s  zone was proh, ibi ted 
by  c o n s t r a i n t s  o\f c a s i n g  d e s i g n .  As a r e su l t ,  i n t e r m e d i a t e  c a s i n g  
was s e t  i n t o  o n l y  t h e  upper s e c t i o n  15-61 m (50-200 f t )  o f  t h e  Pre- 
cambr ian  c r y s t a l l i n e  rocKs. T h u s ,  e f f e c t s  o f  t h e  l o s s  zones  wer2 
lowered b u t  n o t  e l i m i n a t e d  by  t h e  c a r e f u l  s e l e c t i o n  of  a c a s i n g  pro-  
gram. 
GENERAL PSUD PROGRAM - 
The upper  v o l c a n i c  and s e d i m e n t a r y  f o r m a t i o n s  were d r i l l e d  
u t i l i z i n g  a b e n t o n i t e  based d r i l l i n g  f l u i d ,  Because o f  t h e  l a r g e  
h o l e  s i z e s  (26 i n .  and  17-1/2 i n . ) - a n  i n v e r t e d  rheo logy  was selected 
‘-0 p r o v i d e  a d e q u a t e  h o l e  c l e a n i n g .  T h e  i n v e r t e d  rheo logy  ( Y P  >PV) 
W 
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v a s  ma in ta ined  by  us ing  a polymer ic  f l o c c u l a n t  and reducing  t h e  u s e  
o f  d e f l o c c u l a n t s .  F i l t r a t i o n  r educ ing  a g e n t s  used on GT-2B and EE-1  
ma in ta ined  a f i l t r a t e  o f  6-18 cc A P I .  I t  was f e l t  t h a t  t h i s  reduc 
t i o n  i n  s t a t i c  f i l t r a t i o n  r a t e  would h e l p  s t a b i l i z e  t h e  mud maKing 
s l i a l e s  o f  t h e  A b 0  Formation,  b u t  no f i l t r a t e  reducing  a g e n t s  wzr2 
used i n  EE-2 o r  EE-3 and no  a p p r e c i a b l e  i n c r e a s e  i n  problems a s s o -  
c i a t e d  w i t h  t h e  Ab0 Formation was n o t i c e d  by  t h i s  omiss ion .  T h e s e  
problems inc luded  n o t  o n l y  mud maKing c h a r a c t e r i s t i c s ,  b u t  a l s o  
s e v e r e  and immediate h o l e - i n s t a b i l  i t y  problems u n l e s s  adequa te  hydro- 
s t a t i c  p r e s s u r e  was ma in ta ined  upon t h e  fo rma t ion .  
Los t  c i r c u l a t i o n  proved t o  be t h e  most  c o s t l y  problem a s s o c i a t e d  
w i t h  t h e  upper sed imen ta ry  and v o l c a n i c  fo rma t ions .  S l i g h t  l o s s e s  o f  
r e t u r n s  t h a t  o c c u r r e d  i n  f r a c t u r e d  p o r t i o n s  o f  t h e  v o l c a n i c  t u f f  
[ s u r f a c e  t o  137 rn (450 ft)] c o u l d  be qu icKly  h e a l e d  w i t h  c o n v e n t i o n a l  
f i b r o u s  b r i d g i n g  a g e n t s  s u c h  a s  c o t t o n s e e d  h u l l s ,  c e d a r  € iber ,  and 
aspen  f ibe r .  In c o n t r a s t ,  s e v e r e  l o s s  o f  c i r c u l a t i o n  d i d  o c c u r  
w i t h i n  t h e  cave rnous  l i m e s t o n e  p o r t i o n  o f  t h e  Pennsylvanian  Sand ia  
and Madera Formations.  T h i s  l o s s  o f  r e t u r n s  r e s u l t e d  i n  a d r a s t i c  
l o s s  o f  h y d r o s t a t i c  head [ f l u i d  l e v e l  274-518 m (900-1700 f t ) ]  
l e a v i n g  no f l u i d  upon p o r t i o n s  o f  t h e  u n s t a b l e  Ab0 Formation. 
D i r e c t l y  r e s u l t i n g  from t h i s  problem was s t u c K  p i p e  ( E E - l ) ,  r e p e t i -  
t i v e  reaming of  l a r g e  s e c t i o n s  [+396 m (+1300 - f t ) ]  of the b o r e h o l e  on 
a l l  fou r  wel ls ,  poor c a s i n g  cement j o b s ,  and i n  EE-2 a damaged i n t e r -  
m e d i a t e  c a s i n g  s t r i n g  (13-3/8 i n  .). 
The remaining d e p t h  o f  t h e  h o l e s  was d r i l l e d  i n  a Precambrian 
metamorphic and igneous  complex. Problems w i t h  t h i s  p o r t i o n  o f  the 
h o l e s  were ext rame a b r a s i v e n e s s ,  extreme t e m p e r a t u r e s  32rJJC (608*F) 
BHT, and some a r e a s  o f  a p p a r e n t  i n s t a b i l i t y .  Due t o  t h e  d e v i a t e d  
n a t u r e  of t h e  h o l e s  (3S3 from v e r t i c a l )  , and t h e  f a c t  t h a t  wa te r  was 
used a s  t h e  pr imary  c i r c u l a t i n g  f l u i d ,  a combina t ion  of t h e  l a r g e  
c i r c u l a t i n g  volume used and t h e  a b r a s i v e n e s s  o f  metamorphic and 
igneous  rocKs caused  s p e c i a l  t o r q u e - r e d u c t i o n  problems. The b e s t  
l u b r i c a t i n g  a g e n t  t r i e d  was a m i x t u r e  of  t r i g l y c e r i d e s  and a l c o h o l s .  
The e f f e c t s  o f  t h e  l u b r i c a n t  was temporary  a t  h i g h  t e m p e r a t u r e s  
[>19 l0C (>375’F)] and t h e r e f o r e ,  t h e  l u b r i c a n t  had t o  be c o n s t a n t l y  
r e p l e n i s h e d .  Fur thermore  e x t r e m e l y  h i g h  t o r q u e  and d r a g  p l aced  a 
h i g h  p r i o r i t y  on minimizing d r i l l  p i p e  f a i l u r e  d u e  t o  c o r r o s i o n .  
Cor ros ion  i n h i b i t i o n .  was compl i ca t ed  by h igh  t e m p e r a t u r e s  and t h e  
c i r c u l a t i o n  o f  h i g h  volumes (15 ,000  bbls )  o f  wa te r  t o  p r o v i d e  a n  
adequa te  c o o l i n g  s u r f a c e .  An oxygen scavange r  (ammonium b i s u l f i t e )  
and m%intenance of a b a s i c  pH, s u c c e s s f u l l y  moderated t h i s  c o r r o s i o n  
problem 
Areas o f  a p p a r e n t  rocK i n s t a b i l i t y  o c c u r  w i t h i n  t h e  Precambrian 
c r y s t a l l i n e  rocKs. w a t e r - s e n s i t i v e  c l a y s  (smectites) were found i n  
some zones w i t h i n  t h e  d e e p  c r y s t a l l i n e  rocKs. T h i s  c l a y  may be a 
hydro thermal  a l t e r a t i o n  p r o d u c t  formed a long  f a u l t s  and s h e a r  zones . 
O c c a s i o n a l l y  t i g h t - h o l e  problems encountered  w h i l e  d r i l l i n g  EE-2 were 
most l i ~ e l y  a r e s u l t  o f  these  c l a y s .  No.remedia1 a c t i o n  was t a K e n  
because  of t h e  r e l a t i v e  i n f r e q u e n t  o c c u r r e n c e ,  and u n p r e d i c t a b l e  
p o s i t i o n  o f  t h e  c l a y s .  
hB 
,> 
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SPECIFIC LOSS ZONES W I T H I N  SEDIAENTARY AND VOLCANIC UNITS 
.I 
The upper  v o l c a n i c  f o r m a t i o n s  ( B a n d e l i e r  T u f f ,  P a l i z a  Canyon and 
u A b i q u i u  T u f f )  pose some bothersome b u t  n o t  s e v e r e  problems i n  l o s s  o f  
, c i r c u l a t i o n .  The upper s e c t i o n s  o f  t h e  Bande l i e r  Tuff i n  p a r t i c u l a r  
a r e  m o d e r a t e l y  f r a c t u r e d  and some mud was'  l o s t  t o  t hese  f r a c t u r e .  
C o n s i d e r a b l e  l o s s  o f  mud t o  f r a c t u r e s  w i t h i n  t h i s  t u f f  o c c u r r e d  i n  
GT-213 and EE-1. A f t e r  t h e  d r i l l i n g  o f  EE-1 t h e  conduc to r  p i p e  (30  
in'.) was set  t o  a d e p t h  o f  27 m (88 f t )  i n  EE-2 which  e f f e c t i v e l y  
el . iminated l o s s  o f  mud t o  n e a r  s u r f a c e  f r a c t u r e s .  
Loss o f ' c i r c u l a t i o n  ' i n  t h e  Ab0 Formation h a s  a l s o  been minimal .  
In e a r l i e r  wells d r i l l e d  a t  Fenton H i l l  (GT-2B and EE-1)  a l m o s t  no 
l o s s  o c c u r r e d ,  b u t  l a t e r  we l l s  (EE-2 and EE-3) d i d  e x p e r i e n c e  s l i g h t  
l o s s e s  ( 1 7 5  and 200 bbls )  i n t o  t h i s  f o r m a t i o n  a t  316 m (1037 f t )  and 
165  m (540 f t )  . Both zones were quic ic ly  h e a l e d  w i t h  f i b r o u s  b r i d g i n g  
a g e n t s .  Lenses  o f  red c l a y  w i t h i n  t h e  Ab0 Formation caused a con- 
s i d e r a b l e  i n c r e a s e  i n  v i s c o s i t y  o f  t h e  d r i l l i n g  f l u i d  ( u s u a l 1 y . a  4 0  
t o  6 0  p o i n t  r i s e  i n  f u n n e l  v i s c o s i t y )  when h y d r a t e d .  The most  econ- 
omica l  method t o  c o n t r o l  v i s c o s i t y  and mud weight  is s i m p l e  d i l u t i o n  
if a d e q u a t e  water and r e s e r v e  p i t  s p a c e  . i s  on hand, b u t  would be 
uneconomical i f  a low f i l t r a t e  was n e c e s s a r y  and e x p e n s i v e  f i l t r a t e  
c o n t r o l  a g e n t s  a r e  added. Our , expe r i ence  showed t h a t  a d d i t i o n  o f  
f i l t r a t e  r e d u c t i o n  compounds was n o t  c o s t  e f f e c t i v e .  Such a g e n t s  
were added on w e l l s  GT-213 and EE-1,  b u t  were o m i t t e d  on EE-2 and  
EE-3.  The o m i s s i o n  resulted i n  n o  a p p a r e n t  d i f f e r e n c e  i n  t h e  
problems a s s o c i a t e d  w i t h  h o l e  s l o u g h i n g  o f  t h e  Ab0 Formation. on EE-2 
o r  EE-3. 
By f a r  t h e  most  t roub le some  and s e v e r e  l o s s  o f  c i r c u l a t i o n  
o c c u r r e d  i n  t h e  cave rnous  l i m e s t o n e  p o r t i o n s  o f  t h e  Madera and Sandia  
Format ions .  D r i l l  h o l e s  encoun te red  i n  t h e  c a v e r n o u s  Sand ia  +716 m 
(+2350 f t )  ranged from 1-4.9 m (3-16 f t )  i n  h e i g h t .  Two loss -zones  
rgquired c o n s i d e r a b l e  t i m e ,  e f f o r t  and money t o  overcome u r g e n t  and 
c o n t i n u i n g  problems. The l o s s  zone w i t h i n  t h e  Madera Formation was 
v a r i a b l e  i n  s e v e r i t y .  For example,  i n  GT-2B a l l  a t t e m p t s  a t  
r e g a i n i n g  c i r c u l a t i o n  were u n s u c c e s s f u l .  They i n c l u d e d  heavy u s e  o f  
b r i d g i n g  a g e n t s  (1 ,500  b b l s  o f  30% by volume of l o s t  c i r c u l a t i o n  
ma te r i a l ) ,  t h r e e  s e p a r a t e  50 bbl  h i g h  f i l t r a t e  s q u e e z e s ,  and numerous 
cemen ta t ion  e f f o r t s  which  used up  a t o t a l  o f  2700 sacKs. The com- 
p l e t e  l o s s  o f  re turn ' s  reduced t h e  h y d r o s t a t i c  head s u b s t a n t i a l l y  and  
w i t h  t h i s  l o s s ,  s e v e r e  s l o u g h i n g  of t h e  Ab0 Format ion  and p o r t i o n s  o f  
t h e  Madera Formation s h a l e s  o c c u r r e d .  T h i s  r e q u i r e d  r e p e t i t i v e  
reaming (16  days )  b e f o r e  t h e  s l o u g h i n g  s h a l e s  c o u l d  be s u c c e s s f u l l y  
c a s e d  o f f .  b u t  n o t  a s  s e v e r e  l o s s e s  o c c u r r e d  i n  s u b s e q u e n t  
we l l s  ( E E - 1  and EE-2). EE-1 l o s t  600 b b l s  o f  mud t o  t h i s  zone ,  b u t  
r e t u r n s  were g a i n e d  by u s i n g  l a r g e  amounts o f  f i b r o u s  b r i d g i n g  
a g e n t s .  D r i l l i n g  mud f o r  EE-2 was p r e t r e a t e d  w i t h  30% by volume 
f i b r o u s  b r i d g i n g  m a t e r i a l s .  on ly  35 b b l s  w e r e - l o s t .  on EE-3  a 1 m 
( 3  f t )  c a v e r n  was encoun te red  a t  576 m (1890 f t )  . The . r e s u l t a n t  
s lough ing  of t h e  Abo and kadara  Format ions  was a lmos t  i d e n t i c a l  t o  
t h a t  i n  GT-213. F i n a l l y  c a s i n g  Was s e t  a t  482 m (1580 f t )  t o  s e a l  o f f  
t h e  Abo and upper  Madera l o s s  zones.  
S imi la r ,  
c3 ~ 
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(+5  
A i l  
The  cave rnous  p o r t i o n  o f  t h e  Sand ia  Formation is  l o c a t e d  +15 m 
0 f t )  above- t h e  c o n t a c t  w i t h  t h e  basement complex rocKs (F igT 2) . 
f o u r  wel l s  encoun te red  t h i s  c a v e r n o u s  l i m e s t o n e  and no remedia l  
e f f o r t s  a t t empted  succeeded i n  r e g a i n i n g  c i r c u l a t i o n .  It  m u l d  have  
been advan tageous  t o .  r e s t o r e  c i r c u l a t i o n  because  o f  t h e  s l o u g h i n g  
problems encoun te red  i n  t h e  Ab0 and Madera Format ions  up  h o l e s .  
S e v e r a l  d i f f e r e n t  t e c h n i q u e s  were used i n  a t t e m p t s  t o  r e s t o r e  
c i r c u l a t i o n  i n  t h e  Sandia  Formation. The u s e  o f  a i r  m i s t  and t h e  u s e  
o f  a " g e l "  foam were t r i e d  w i t h o u t  success i n  GT-213. Both r e s t o r e d  
c i r c u l a t i o n  t e m p o r a r i l y ,  b u t  n e i t h e r  exerted enough h y d r o s t a t i c  p r e s -  
sure  t o  p r e v e n t  t h e  s l o u g h i n g  o f  t h e  exposed s h a l e  s e c t i o n s .  T h i s  
s l o u g h i n g  caused  r e p e t i t i v e  reaming,  l a r g e  volumes o f  f i l l  on, t r i p s  
and t h e  s t i c K i n g  o f  t h e  d r i l l  s t r i n g .  At tempts  t o  b r i d g e  t h e  c a v e r n  
w i t h  l o s t  c i r c u l a t i o n  m a t e r i a l  (15,700 b b l s  w i t h  up t o  60% b y  volume 
l o s t  c i r c u l a t i o n  m a t e r i a l ) ,  gunK squeezes  . (300 b b l s )  and a mass ive  
cemen ta t ion  e f f o r t  ( a  t o t a l  o f  +12,000 sacKs on a l l  f o u r  wells)  a l l  
proved f u t i l e  (Table  4 ) .  The $an f i n a l l y  adopted  was t o  minimize 
t h e  amount o f  open  h o l e  exposed by u t i l i z i n g  a c a r e f u l l y  d e s i g n e d  
c a s i n g  program when t h e  c a v e r n  was f i r s t  encoun te red .  A s  soon a s  
f u l l  r e t u r n s  were l o s t ,  t h e  p l a n  was t o  d r i l l  w i t h o u t  r e t u r n s  i n t o  
t h e  basement complex and t h e n  s e t  i n t e r m e d i a t e  c a s i n g .  T h i s  program 
was adopted  on EE-2 and EE-3. The c a s i n g  program i n  b o t h  w e l l s  was 
t o  run 20 i n .  s u r f a c e  c a s i n g  n e a r  t h e  t o p  o f  t h e  f i r s t  t roublesome 
l o s s  zone a t  +579 m (+1900 f t )  and t h e n  d r i l l  t h rough  b o t h  loss zones  
w i t h o u t  r e t u r n s  a s  r a p i d l y  a s  p o s s i b l e  and t h e n  i n t o  t h e  basement 
complex rocKs. T h i r t e e n  and t h r e e - e i g h t s  c a s i n g  was t h e n  s e t  i n t o  
t h e  basement complex. In  b o t h  wel l s  t h i s  i n t e r m e d i a t e  c a s i n g  s t r i n g  
(13-3/8 i n  .) was s e t  o n l y  a f t e r  c o n s i d e r a b l e  reaming and washing 
th rough  b r i d g e s  and fill .  During t h e  running o f  t h e  EE-2 c a s i n g  and 
d r i l l i n g  a f t e r  c a s i n g ,  t h e  c a s i n g  became damaged i n  s e v e r a l  p l a c e s .  
In  t h e  l a t t e r  p o r t i o n s  o f  t h e  d r i l l i n g  o p e r a t i o n s  t h e  c a s i n g  
c o l l a p s e d  and a l e n g t h y  f i s h i n g  j o b  r e s u l t e d  ( approx ima te ly  120 d a y s  
and a c o s t  o f  approx ima te ly  $2.5 m i l l i o n )  . A t  t h i s  t i m e  no t o t a l l y  
problem-f ree  method h a s  been d e v i s e d  t o  overcome t h e  l o s s  o f  c i r c u -  
l a t i o n  and subsequen t  problems involved  w i t h  t h i s  c a v e r n o u s  s e c t i o n .  
One p o s s i b l e  method o f  a l l e v i a t i n g  t h e  l o s t  c i r c u l a t i o n  problem 
is t o  avo id  i t  e n t i r e l y  by  d r i l l i n g  th rough  t h e  t r o u b l e  zones w i t h  
c a b l e  t o o l s .  The fo l lowing  is a sugges t ed  h o l e  s i z e  and 
gram f o r  t h i s  o p t i o n :  
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r 
c a s i n g  pro- 
Hole S ize  Depth Casing 
c m  ( i n . )  m ( f t )  c m  ( i n . )  Remar K s 
91.4 (36) 
68.6 (27) 
58.4 (23) 
I f  necessar.y 
44.1 (17-3/8) 
183 (600) 71.1 (28)* 
305-384(1000- 61 . (24)*  
. 1260) 
716 (2350) 50.8 (20)*  
45.7 (18) 
1 i n e r  
792 (2600) 34 (13-3/8) 
mudded 
mudded 
cemented 
cemented 
c em en  t ed 
The mudded c a s i n g  may be removed from t h e  h o l e  a f t e r  subsequent  
cas ing  is run ,  or  underreamed and lowered a s  c o n d i t i o n s  d i c t a t e .  A 
modified Bucyrus-Erie 48-L d r i l l i n g  u n i t  is capab le  o f  handl ing t h i s  
o p t i o n ,  and should c o s t  less than  h a l f  of what a comparable r o t a r y  
u n i t  would. 
DRILLING FLUID PROBLElrlS IN THE PRECAPIBRIAN CRYSTALLINE ROCKS 
The igneous 'and metamorphic complex rams o f  t h e  Precambrian 
basement a r e  c h a r a c t e r i z e d  by hard ,  a b r a s i v e  rocKs w i t h  l o c a l i z e d  
areas o f  incompetence. The d r i l l i n g  f l u i d  program used  dur ing  t h i s  
i n t e r v a l  was designed t o  a l l e v i a t e  two p o t e n t i a l  problems: 
0 Corrosion c o n t r o l  t o  minimize d r i l l  p ipe  f a i l u r e  and 
0 D r i l l  s t r i n g  l u b r i c a t i o n  t o  minimize torque  and drag .  
water was s e l e c t e d  a s  a c i r c u l a t i n g  f l u i d  because of  extreme 
downhole tempera tures  320Y (608'F) BHT, t h e  i n i t i a l  apparent  com- 
petency of t h e  basement complex rocK, and its r e l a t i v e  inexpen- 
s i v e n e s s  . 
' Corrosion c o n t r o l  tooK o n -  added s i g n i f i c a n c e  because of t h e  
excess ive  to rque  and drag  t h a t  developed a s  a resu l t  o f  d i r e c t i o n a l  
d r . i l l i n g .  A l a r g e  r e s e r v e  pond (1-1/2 - 2 a c r e s )  was provided t o  
cool  t h e  water a s  i t  e x i t e d  from t h e  borehole.  The l a r g e  s u r f a c e  
a r e a  n o t  o n l y  cooled t h e  water ,  b u t ,  adve r se ly ,  allowed f o r  ample 
s u r f a c e  exchange o f  oxygen. Therefore  water pumped downhole would be  
e n t r a i n e d  w i t h  l a r g e  c o n c e n t r a t i o n s  of oxygen. Large q u a n t i t i e s  o f  
oxygen scavanger  (ammonium b i s u l f i t e )  were added t o  t h e  water p r i o r  
t o  pumping downhole t o  remove t h e  oxygen d i s s o l v e d  i n  t h e  water.  A 
b a s i c  pH (9.5 t o  10.5) was maintained t o  f u r t h e r  reduce c o r r o s i o n  and 
*These c a s i n g  s i z e s  a r e  n o t  s t a n d a r d ,  b u t  a r e  a v a i l a b l e  i n  
c o l l a r l e s s  f l u s h  j o i n t s .  They a r e  o f t e n  used i n  c a b l e  t o o l  
o p e r a t i o n s  t o  f a c i l i t a t e  d r i v i n g  t h e  cas ing  deeper  a f t e r  under- 
w eami ng * 
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s c a l i n g  d a s  c o n t r o l l e d  by  t h e  u s e  o f  a phosphonate  compound a n i c h  
removed t h e  c a t i o n s  a v a i l a b l e  f o r  p r e c i p i t a t e  fo rma t ion .  R z s u l t s  
were moni tored  by c o r r o s i o n  coupons (Table 5 ) ,  which  r e v e a l e d  t h a t  
whenever t h e  above t r e a t m e n t s  were f o l l o w e d ,  c o r r o s i o n  was Kept t o  a b  
minimum. 
L u b r i c a t i o n  o f  t h e  d r i l l  s t r i n g  became i m p o r t a n t  a t  g r e a t e r  
d e p t h s  d u e  t o  e x c e s s i v e  t o r q u e  and d rag .  The d r i l l  s t r i n g  was 
r o u t i n e l y  s u b j e c t e d  t o  t h e  upper l i m i t s  o f  s t ress  recommended by  A P I  
t a b l e s  a s  a r e s u l t  o f  d i r e c t i o n a l  d r i l l i n g  i n  t h e  basement complex 
rocKs. The f r e q u e n t  d r i l l  p i p e  f a i l u r e s  t h a t  were a .  d i r e c t  con- 
sequence o f  these problems have r e s u l t e d  i n  e x t r e m e l y  c o s t l y  f i s h i n g  
o p e r a t i o n s  ($850,000-80 on EE-3) .  S e v e r a l  methods of  l u b r i c a t i o n  
were e v a l u a t e d  and used. The u s e  o f  g r a n u l a r  o b j e c t s  such  a s  wa lnu t  
h u l l s  o r  t e f l o n  beads ,  t o  r educe  t o r q u e ,  were e l i m i n a t e d  - b e c a u s e  of 
t h e i x  i n a b i l i t y  t o  suspend i n  c l e a r  water and a l s o  because  of pos- 
s i b l e  b r i d g i n g  e f f e c t s  i n  f r a c t u r i n g  o p e r a t i o n s .  An o i l  base 
d r i l l i n g  f l u i d  was a l s o  e l i m i n a t e d  because  o f  t h e  h i g h  c o s t  o f  s u c h  
f l u i d s  and t h e  f a c t  t h a t  Fenton H i l l  l i e s  w i t h i n  a n  area of 
env i ronmen ta l  s e n s i t i v i t y .  A b i o d e g r a d a b l e ,  s o l u b l e  chemical added 
t o  t h e  wa te r  was _ the re fo re  selected a s  t h e  best  p o s s i b i l i t y  f o r  pro- 
v i d i n g  a c c e p t a b l e  t o r q u e  and d r a g  r e d u c t i o n .  
An a d d i t i o n a l  l i m i t a t i o n  was p laced  upon t h e  l u b r i c a t i n g  a g e n t  
d u e  t o  t h e  h i g h  downhole t e m p e r a t u r e s .  S e v e r a l  s o l u b l e  chemicals 
were tes ted  i n  t h e  l a b o r a t o r y  b u t  o n l y  two were found s u i t a b l e  t o  
t e s t  downhole ( T a b l e  6 ) .  The best  a d d i t i v e  was a c o n v e n t i o n a l  a g e n t  
t h a t  c o n s i s t e d  o f  mod i f i ed  t r i g l y c e r i d e s  and a l c o h o l s .  The e f f e c t s  
o f  t h e  l u b r i c a n t  were found t o  be o n l y  temporary  i n  t h e  h o t t e r  
bot tom-hole  s e c t i o n s  o f  t h e  s t r i n g .  T h e r e f o r e  t h e  l u b r i c a n t  had t o  
be c o n s t a n t l y  r e p l e n i s h e d  w h i l e  d r i l l i n g .  T h i s  was accompl ished  by  
ba tchwise  a d d i t i o n s  o f  t h e  chemical. The a d d i t i o n  o f  t h i s  chemical 
a d d i t i v e  succeeded i n  r educ ing  e x c e s s i v e  wear t o  t h e  d r i l l  s t r i n g  and 
s u r f a c e  equipment .  I t  a l s o  a l lowed more we igh t  t o  be p l aced  on t h e  
c u t t i n g  surface o f  t h e  b i t  r a t h e r  t h a n  t h e  s i d e  o f  t h e  b o r e h o l e ,  
Found w i t h i n  t h e  igneous  and metamorphic s e c t i o n s  were r e g i o n s  
o f  incompetence as r e f l e c t e d  by  l o s s  o f  c i r c u l a t i o n  and b o r e h o l e  
i n s t a b i l i t y .  One p a r t i c u l a r  l o s s  o f  c i r c u l a t i o n  o c c u r r e d  on EE-3 a t  
3042 m (9980 f t ) .  The  zone was b r idged  u s i n g  walnut  h u l a s  and mica 
f l a K e s  ( two m a t e r i a l s  t h a t  do n o t  d e g r a d e  r a p i d l y  under  c o n d i t i o n s  o f  
extrexte  h e a t  and p r e s s u r e ) .  However t h e  zone p e r i o d i c a l l y  reopened 
and had t o  be a g a i n  b r idged  w i t h  these m a t e r i a l s .  A d d i t i o n a l  a r e a s .  
o f  i n s t a b i l i t y  were found th roughou t  t h e  basement  complex s e c t i o n  
(EE-2)  from 3170-4206 m (10,400-13,800 f t ) .  I t  a p p e a r s  t h a t  t h i s  
r e g i o n  c o n t a i n s  l a r g e  p e r c e n t a g e s  o f  smectite c l a y s  t h a t  swel l  and 
s l o u g h  upon c o n t a c t  w i t h  d r i l l i n g  f l u i d .  The s l o u g h i n g  o f  t h e  c l a y  
and rocK f r agmen t s  imbedded w i t h i n  o r  a d j a c e n t  t o  t h e  c l a y  created 
d r a g  and s t i c K i n g  problems d u r i n g  t h e  d r i l l i n g  o f  EE-2. It  is 
c u r r e n t l y  though t  t h a t  these c l a y s  a r e  p robab ly  t h e  resu l t  o f  t h e  
h y d r o t h e r m a l  a l t e r a t i o n  i n  c a t a c l a s t i c  z o n e s  o f  i g n e o u s  and  
metamorphic rocKs and may e v e n t u a l l y  produce problems d u r i n g  t h e  
p r o d u c t i o n  phase  o f  EE-2 and EE-3. 
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CONCLUSIONS 
The HDR p r o j e c t  is unique  i n  i ts  method o f  e n e r g y  p r o d u c t i o n  b13.t 
it is n o t  un ique  among .geo the rma l  p r o j e c t s  i n  t h a t  a s u b s t a n t i a l  
amount o f  time and money have been s p e n t  i n "  a t t e m p t s  t o  cure  s e v e r e  
l o s s  o f  c i r c u l a t i o n  d u r i n g  t h e '  e x p l o r a t i o n  phase  o f  development .  A t  
Fenton H i l l  s e v e r a l  t y p e s  o f  f i b r o u s  b r i d g i n g  a g e n t s  a c h i e v e d  l i t t l e  
success i n  t h e  s e v e r e  l o s s  zones.  V a r i o u s  t y p e s  o f  cements  r a n g i n g  
from b a s i c  c l a s s  H cement t o  t h i x o t r o p i c  cement t o  d i a tomaceous  e a r t h  
have been t r i e d  a t  c o n s i d e r a b l e  expense  b u t  w i t h  o n l y  l i m i t e d  sue_ 
cess. A t o t a l  o f  a p p r o x i m a t e l y  2% o f  e x p l o r a t o r y  f u n d s  a t  Fenton  
H i l l  have  been s p e n t  on  l o s s  c i r c u l a t i o n  m a t e r i a l s  (Table  7 )  i n  a n  
a t t e m p t  t o  s o l v e  t h e s e  problems . 
An a d e q u a t e  s o l u t i o n  t o  t h i s  t y p e  o f  s e v e r e  l o s s  o f  c i r c u l a t i o n  
shou ld  c e n t e r  on i n t e n s i v e  r e s e a r c h  n o t  o n l y  i n  t h e  a r e a  o f  new t y p e s  
o f  cement ing  m a t e r i a l  b u t  a l s o  on new t y p e s  o f  cement ing  t o o l s  and 
a l s o  new d r i l l a b l e  s l e e v e s  t h a t  c a n  be f i r m l y  s e t  th rough  s e v e r e  l o s s  
zones.  Loss  c i r c u l a t i o n  problems w i l l  p r o b a b l y  a lways  be a s s o c i a t e d  
w i t h  g e o t h e r m a l  o p e r a t i o n s  d u e  t o  t h e  g e o l o g i c a l  t e r r a i n  t h a t  c o n t a i n  
n e a r - s u r f a c e  geo the rma l  p o t e n t i a l  . T h i s  problem is r e l a t i v e l y  new t o  
g e o t h e r m a l  ( e s p e c i a l l y  t h e  HDR program) e x p l o r a t i o n  and development  
p r o j e c t s  w i t h i n  t h e  United S t a t e s  b u t  h a s  been a c o n t i n u o u s  problem 
w i t h  g e o t h e r m a l  d e v e l o p m e n t  i n  o t h e r  c o u n t r i e s .  Rese.arch a n d  
development  i n  t h e  a r e a  o f  l o s s  c i r c u l a t i o n  problems is v i t a l l y  
needed so t h a t  geo the rma l  e x p l o r a t i o n  and d e v e l o p n e n t  c a n  be more 
c o s t  e f f e c t i v e .  
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i 
and mineralogic c h d r a c t e r i s t i c s  o f  the  YrecamDrian rocKs 
encountered a t  Fenton Hill.  Tne symbol "2" i s  the mean, " S  " i s  t h e  
standard deviation, and "(  1'' i s  the number o f  analyses us&d i n  the 
t awla t ion  ( a f t e r  Laney and Laugh1 i n ,  19d0).  
Yalbht X 
rro2 
\ 
Voluw t 
ywrrr 
\ - 
a - 69.0 
Ct-2 €E-2 
I - 55.1 I - 59.7 - - 
SI iZ)0.O SI - 0.1 
(2) 
c 
ALTERE0 
mes 
n - 2  
1 
- 
7 
Variable, IW I - I - 10.3 I - 12.3 SI ;3)5.0 SI - 1.7 0) 
a - 45.9 I - 64.7 
SI ;,;.9 SI - 6.0 Dalrutd by 
clay typa mlnerall 
Table 2 
Comparison o f  the compositions o f  the Phase I and Phase I 1  reservo i rs  
a t  Fenton h i l l  ( a f t e r  Laney and Laughlin, 1930) 
Phase II Reservoir 
(Tentat ive ly  3200 t o  4420 in 
TVD o r  1463 in (4700 f t )  along 
Phase I Reservoir EE-2, EE-3 
GT-2, E€-1 
2621 t o  2957 m 
Rock Type (8600 t o  9700 ft) the EE-2 deviated borehole) 
Syenograni t i c  t o  
Monzograni t i c  -- 
Granodior i t ic  10.0% 
t i ranodior i  ti c 
( i n t r u s i v e )  YO. c)% 
Tonal i ti c -- 
Mafic-Rich 
Rocks 
Al tered Zones -- 
d*O% 
49.0% 
i1.023 
15..0% 
14.0% 
6 .UX 
Summary 1dO% Granodior i t ic  57% Granodior i t ic  
35% Tonal i t i c  t o  lvlafic 
6% Gran i t i c  
( i n c l  uaes a1 tered rocK) 
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Table 3 
Casing Programs for GT-2B, EE-1 EE-2, and EE-3 a t  Fenton Hill 
Conductor 
Casing 
Well m (ft) - 
GT-i! Surface-20 (65 1 
E€-1 Surface-$ (10) 
(21) in.) 
(30 in.) 
E€-2 Surface-25 (821 
E€-3 Surface-30 (100) 
(28-1/& in.) 
($0 in.) 
e 
Surface Intermediate 
Casing Casing 
m (ft) Ill (ft) 
5urface-488 (1600 1 Surface-773 (2535 
(13-t/8 in.) ( 1 0 4 4  in.) 
Surface-177 (580)  Surface-741 (2431 
(20 in.) (13-3/8 in.) 
Ueep 
Casing 
m (ft) 
Production Total 
Casing Oepth 
m (ft) m (ft) 
Surface-2612 (8570 2932 (Y6lY)a 
(7-5/8 in.) 
Surface-1957 (6420 
(10-3/4 in.) 
Surface-544 (1783 1 Surface-790 (2593) - 
Surface-482 (1580) Surface-778 (2554) , - 
(20 in.) ( 1 3 4 8  in.) 
(20 in.) ( 1 3 4 8  in.) 
’Orilled. i n  three phases: 
Phase I Surface t o  1937 m (6356 f t )  
Phase 11 1937 t o  2042 m (6356 t o  6701 f t )  
Phase 111 2042 t o  2932 m (6701 t o  9619 f t)  
bOr i l l ed  i n  two phases: 
Phase I Surface t o  2099 m (6886 f t l  
Phase I1 2099 t o  3064 m (6686 t o  10,053 ft) 
‘Casing had no t  been run a t  the time o f  t h i s  paper 
dProjected total depth o f  4 4 h  m (i4.500 f t )  
h) 
lb 
I 
P 
4’ 
Surface-304 (999) 3064 (lI),05J)b 
(7-5/d in.) 
(tl-!i/d in.) 
(Y-5/8 in.) 
304-2926 (999-9599) 
Surface4528 (11,576) 4660 (15,269) 
Surf ace-3200 ( 10,5U0)c 
(Y-5/8 in.) 
4420 (14,200) 
Table 4 
CEMENT (sks) 
LCf4 (bbl)  
.le11 N me 
and do. 
ti -2 
€E-1 
E€ -2 
E€-J 
Lost Circulation Material Volumes 
E€-1 €E-2 -GT-2d 
5 ,duo ti00 5 , w o  
1,60u 8,300 3,590 
-
Table 5 
Corrosion Rates on Drill Pipe 
(to date 11/22) 
itange 
n (lbs/sq ft/yr) 
- no record 
15 0.005 to 1.81 
3J 0.01 t o  5.10 
14 0.10 t o  2.11 
€E-3 TOTAL -
3,500 12,000 
2,300 15,70i) 
x ' + S  
( 1 bs/sq Pt/yri 
d.618 - + 0.576 
1.33 + 1.17 - 
u.72 + U.6ri.d - 
24-18 
Table 6 
D r i l l s t r i n g  Torque and Drag Reduction Lubr icat ing Agents td 
Torque (amps) 
Produc t/Conc . Before A f t e r  Ourati  on 
2 ppb o i l  bdse l u b r i c a n t  600 
1 ppb o i l  base l u b r i c a n t  
. & alcohol 6 W  
p lus  1 ppb t r i g l y c e r i d e s  
2 ppb t r i g l y c e r i d e s  & 
a1 Coho1 bUC) 
20 ppb bentoni t e  600 
t 
Table 7 
450 3U mins. 
500 1 hour 
400 2 hours 
550 3U mins. 
. Cost o f  Lost C i r cu la t i on  idater ia ls a t  Fenton H i l l  
d i r e c t  costs 
LCErl A i r  lvlist Cement Total  - - -
EE-1 
EE-2 $63 ,OOu .Ou 
$40, 000 00 - '  - $62 ,c)ili). 00 $102,000.00 €E -3 
rcl TAL 5175,U00.0cl $196,00O.~IO $Ji6,000.00 
G K H ~  TOTAL COST FOR ALL LOST CIRCULATION WTEKIALS: $~i~,aoo.oo . 
bid 
* 
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0 SCALE 24 MODIFIED FROM KELLEY, 1954 -
MILES 
f igure 1. Major Structural features and Area o f  Invest igat ion i n  
North-central New Mexico. 
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FENTON HILL STRATIGRAPHY 
PERIOD 
QUATERNARY 
r' 
TERTIARY 
qNCONFORMITY- 
PERMIAN 
PENNSYLVANIAN- 
MISSISSIPPIAN 
-UNCONFORMITY- 
PRE-CAMBRIAN 
FORMATION 
BANDELIER TUFF 
PALEA CANYON 
ABlQUlU TUFF? 
n 
vvvvv?- 
AB0 RED BEDS 
MADERA LS 
SAN DIA(7) 
FENTON HILL GRANODIORITE 
(INTRUSIVE) 
METAMORPHIC AND IGNEOUS 
COMPLEX 
(UNDIFFERENTIATED) 
Figure L. tieologic Column o f  fenton Hill Stratigraphy. 
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Figure 3 .  Geologic Formations, Lithologics, and Cast'ng Program for the 
Fenton Hill HOK project. See Table 3 for details of casing program. 
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